The c-Cbl proto-oncogene encodes a multidomain phosphoprotein that has been demonstrated to interact with a wide range of signalling proteins. The biochemical function of c-Cbl in these complexes is, however, unclear. Recent studies with the C. elegans Cbl homologue, sli-1, have suggested that Cbl proteins may act as negative regulators of EGF receptor (EGFR) signalling. As the EGFR and other protein tyrosine kinase receptor signalling pathways are highly conserved between insects and vertebrates, we sought a Drosophila homologue of cCbl for a detailed genetic analysis. We report here that Drosophila melanogaster has a single gene, D-cbl, that is homologous to c-cbl. We ®nd that D-cbl encodes a 52 kDa protein that has a high degree of similarity to cCbl and SLI-1 across novel phosphotyrosine-binding (PTB) and RING ®nger domains. Surprisingly, however, D-Cbl is C-terminally truncated relative to c-Cbl and SLI-1 and consequently is unable to bind SH3-domain containing adaptor proteins, including the Drosophila Grb2 homologue, Drk. Although the D-Cbl protein lacks Drk binding sites it can nevertheless associate with a tyrosine phosphorylated protein, or is itself tyrosine phosphorylated in an DER dependent manner and associates with activated Drosophila EGF receptors (DER) in vivo. Consistent with a role for D-Cbl in DER dependent patterning in the embryo and adult, DCbl is expressed at a high level in early embryos and throughout the imaginal discs in third instar larvae. This study forms the basis for future genetic analysis of DCbl, aimed at gaining insights into the role of Cbl proteins in signal transduction.
Introduction
The c-cbl (Casitas B-lineage lymphoma) gene was ®rst identi®ed as the cellular homologue of v-cbl, the transforming gene of the murine Cas NS-1 retrovirus, which induces pre-B cell lymphomas and myelogenous leukemias Regnier et al., 1989) . v-cbl arose by recombination between a Cas-Br-M virus and the endogenous murine c-cbl gene, creating a gag-Cbl fused protein that encodes the amino-terminal third of c-Cbl. Homologues of c-cbl were subsequently identi®ed in humans (Blake et al., 1991) and Caenorhabditis elegans (Yoon et al., 1995) and both humans and mice have been recently shown to have a second functional cbl family member, cbl-B (Keane et al., 1995) . c-Cbl has been shown to directly associate with the EGF receptor, and is phosphorylated in an EGF receptor dependent manner (Bowtell and Langdon, 1995; Fukazawa et al., 1995; Galisteo et al., 1995; Meisner et al., 1995; Odai et al., 1995; Solto and Cantley, 1996; Tanaka et al., 1995) . c-Cbl has recently been linked to signalling by several dierent cytokine receptors including the Fcg receptor (Matsuo et al., 1996) , B-cell receptor (Cory et al., 1995; Panchamoorthy et al., 1996) , T-cell receptor (Donovan et al., 1994 (Donovan et al., , 1996 Lupher et al., 1996; Reedquist et al., 1996) , and c-Kit receptor (Wisniewski et al., 1996) . c-Cbl also associates with a range of intracellular proteins, including the p85 subunit of phosphatidylinositol 3'-kinase (Hartley and Corvera, 1996; Meisner et al., 1995) , Crk Ribon et al., 1996; Sattler et al., 1996) , Nck (Riverolezcano et al., 1994) , CrkL (Andoniou et al., 1996; Sattler et al., 1996) , SHC , cytoplasmic tyrosine kinases (Lupher et al., 1996; Panchamoorthy et al., 1996) and Grb2 (Buday et al., 1996; Donovan et al., 1996; Meisner et al., 1995; Odai et al., 1995) . A recent yeast two hybrid analysis with c-Cbl identi®ed an interaction with 14-3-3 proteins (H Robertson, W Langdon, C Thien and D Bowtell, submitted) . This interaction appears to be physiologically signi®cant as c-Cbl was shown to interact with 14-3-3 proteins in vivo (Liu et al., 1996 and H Robertson, W Langdon, C Thien and D Bowtell, submitted) . The Cbl proteins therefore appear to represent a nodal point at which many signalling pathways converge.
The interaction of c-Cbl with such a diverse range of signalling proteins is made possible by its multidomain structure. The human c-cbl gene encodes a cytoplasmic protein of 906 residues (Blake et al., 1991) . The Nterminal half of c-Cbl is highly conserved between all known Cbl proteins and encodes novel phosphotyrosine binding (PTB) and a RING ®nger domains. The Cbl PTB domain, which does not share sequence homology with the SH2 or PTB domains present in proteins such as SHC, is required for association of c-Cbl with the tyrosine kinase, ZAP-70 (Lupher et al., 1996) . The function of the RING ®nger domain is unknown, although by analogy with other proteins, is likely to function in speci®c protein-protein interactions (Saurin et al., 1996) . Interestingly, small deletions either between the PTB and RING ®nger domains (Andoniou et al., 1994) , or within the RING ®nger domain itself, result in oncogenic transformation of c-Cbl.
Amino acid homology between c-Cbl, Cbl-B and SLI-1 declines substantially immediately C-terminal to their RING ®nger domains, with the homology remaining being clustered predominately around proline rich peptides. These peptides have been shown to mediate interactions between Cbl and SH3-domain containing proteins, including Grb2 and Nck (Bowtell and Langdon, 1995) . In addition, two tyrosine residues (770, 774) within the C-terminal region of c-Cbl are inducibly phosphorylated and mediate binding to the adaptor proteins Crk and CrkL (Andoniou et al., 1996) . Finally, the C-terminal tails of c-Cbl and Cbl-B are highly conserved (Keane et al., 1995) , although most of the leucine residues that form a putative leucine zipper in this region of c-Cbl are not conserved in Cbl-B. The Cbl proteins, therefore, appear to act as docking proteins for a wide range of signalling proteins.
The role of Cbl proteins in these signalling complexes is unclear. Interestingly, recent observations indicate that the C. elegans c-Cbl homologue, sli-1, acts as a negative regulator of the nematode homologue of the EGF receptor, LET-23 Yoon et al., 1995) . LET-23, is required for the induction of vulval cell fates from precursor cells (Aroian et al., 1990) and animals carrying let-23 lossof-function alleles display a vulvaless phenotype. sli-1 was isolated in a genetic screen for suppressors of a partial loss-of-function let-23 allele. A null mutation in sli-1 can restore vulval induction in worms expressing a hypomorphic let-23 allele, but not when there is a complete loss of LET-23 activity. This suggested that when SLI-1 was absent, weakly functional LET-23 receptors could signal more eectively and therefore implicated SLI-1 as a negative regulator of LET-23 (Yoon et al., 1995) . Null alleles of sli-1 also suppress weak alleles of sem-5 (Grb-2) and let-60 (ras) but not lin-45 (raf) alleles, suggesting that SLI-1 acts on the ras-MAP kinase signalling pathway at or near to the receptor/adaptor interaction .
Whether Cbl is also a negative regulator of receptor signalling in mammalian cells remains a key issue. In macrophages, c-Cbl is transiently ubiquitinated in a CSF1-dependent manner and is not degraded following CSF-1 activation, as distinct from the receptor itself, where activation leads to ubiquitination and down regulation . These ®ndings suggest that c-Cbl could act as a negative regulator of receptor signalling by participating in the targeted degradation of the CSF-1 receptor by ubiquitination. If c-Cbl is a negative regulator of receptor signalling in mammalian cells it may be expected to behave as a tumour suppressor gene. Chromosomal abnormalities in a number of human malignancies including acute lymphocytic leukaemias, breast cancer and Ewing's sarcomas are associated with the region of the c-Cbl locus at 11q23 (Lindblom et al., 1994; Savage et al., 1991) . It is unknown, however, whether the c-Cbl gene is directly involved in these malignancies. The 5' untranslated region of the human c-Cbl gene contains a trinucleotide repeat that is the target for amplification and subsequent deletion of part of the long arm of chromosome 11 (Jones et al., 1995) . Speci®c dysmorphic features and mild mental retardation characteristic of Jacobsen syndrome are associated with this chromosomal loss. Again the degree to which this syndrome re¯ects eects on c-Cbl expression versus that of an unknown number of adjacent genes, is unclear. Not all Jacobsen patients show loss of c-Cbl from the fragile chromosome (although eects on regulation of the gene cannot be excluded) and the other c-Cbl allele appears to be normal. Although Jacobsen patients have not been reported to have higher rates of cancer, the condition is rare and patients frequently die at an early age, hence long term clinical data are lacking.
To better understand the role of Cbl proteins in signalling, we have sought to make use of the high degree of evolutionary conservation of the ras-MAPK pathway and the systematic genetics available in lower organisms. Here we describe the cloning of the Drosophila Cbl homologue (D-Cbl). We ®nd that the D-Cbl protein has a high degree of similarity to the Nterminal half of the human protein, but does not contain a corresponding C-terminal proline rich region. Although D-Cbl cannot bind the Drosophila Grb2 homologue, Drk, it retains the ability to associate with the Drosophila EGFR (DER).
Results

Isolation of a Drosophila gene with similarity to c-Cbl
A human c-Cbl cDNA probe was used to screen a Drosophila melanogaster embryonic cDNA library, from which ®ve phage clones were isolated. The cDNA inserts were subcloned into pBluescript and the complete sequence of the longest insert (2.5 kb) determined on both strands. The sequences of the ends of the remaining clones were also obtained. The completed sequence was found to contain an open reading frame encoding a 448 amino acid peptide, if the ®rst in frame ATG translational initiation codon was used (Figure 1a ). The open reading frame was anked by 314 nt and 842 nt 5' and 3' untranslated sequences, respectively. The putative translational initiation codon matched the Drosophila translational initiator consensus sequence (Cavener, 1987) including a purine at the 73 position. A second in frame ATG occurred 186 nt 3' that also corresponded to a favourable translational consensus sequence. The sequences of the smaller cDNAs were all represented within the longest clone and these clones corresponded to contiguous but partial cDNA fragments. The large cDNA fragment was used to probe a Southern blot of Drosophila genomic DNA restricted with several enzymes. The pattern of hybridisation (Figure 1b) , interpreted with the deduced structure of the gene, indicated that a unique gene encoding a c-Cbl homologue was present in the Drosophila genome.
Alignment of the predicted Drosophila cbl protein sequence (D-Cbl) with human c-Cbl, Cbl-B and C. elegans SLI-1 proteins demonstrated a high degree of amino acid similarity between the N-terminal regions of each sequence. This region encompassed the novel phosphotyrosine binding (PTB) and RING ®nger domains, and the short peptide that is deleted in oncogenic 70Z-Cbl (Figure 2a 
Cytogenetic localisation of D-cbl
Several genetic screens have been conducted in Drosophila for mutations that interact with receptor tyrosine kinases (reviewed in Bowtell, 1996) . It was possible that a D-cbl mutant was among the collections of suppressor and enhancer mutants of the sevenless, torso and EGF receptor tyrosine kinases. To investigate this possibility, the chromosomal position of D-cbl was determined. The D-cbl locus was mapped to subdivision 66C on the left arm of chromosome 3 by hybridisation of a digoxyigenin-labelled D-cbl cDNA clone to polytene chromosomes from the salivary glands of wandering third instar larvae (data not shown). Based on this position, the cDNA was also hybridised to several bacteriophage P1 clones, each containing approximately 95 kb of Drosophila genomic DNA, that had been mapped to region 66C by the Berkeley Drosophila Genome Project. The D-cbl cDNA hybridised to two P1 clones, DS00606 and DS00510 both of which had been mapped to 66C8-66D1 ( Figure  2c ). Two chromosomal deletions have been mapped to this region (Figure 2c ). Hybridisation of a D-cbl probe to Southern blots of genomic DNA from these deletions indicated that they did not encompass the D-cbl transcription unit and therefore must lie distal to D-cbl (data not shown). Also, none of the previously described mutations that interact with receptor tyrosine kinases map to this region, implying that the screens have not uncovered any alleles of D-cbl (reviewed in Bowtell, 1996) . Additional lethal maternal eect mutations exist within the 66C region and, considering the high degree of maternal expression of D-cbl, may represent mutations in the gene (Flybase: http// www.morgan.harvard.edu). The D-cbl cDNA was used to isolate four genomic DNA phage clones from a wild type Drosophila genomic library. The longest of these clones was restriction mapped and the region of the D-cbl transcription unit sequenced from the genomic clone. The D-cbl gene was found to consist of four exons spanning 4 kb of genomic DNA (Figure 2c ). These genomic clones will be used in subsequent analyses of genetic schemes to isolate alleles of D-cbl.
Developmental expression of D-cbl
To gain insights into where and when D-Cbl may be required, and hence give an indication of what signalling pathways D-Cbl may be interacting with, an analysis of D-Cbl expression was undertaken. The developmental pro®le of D-cbl mRNA expression was determined by hybridisation of a D-cbl cDNA to a Northern blot of total RNA isolated from embryonic and larval stages of wild type Drosophila (Figure 3a) . A mRNA species of approximately 2.5 kb was observed to be most abundant during the stages of embryonic development that contain considerable stores of maternal mRNA. This presumed maternal transcript decreased in intensity as embryogenesis proceeded. The 2.5 kb transcript was also observed to be expressed zygotically in third instar larvae. A smaller message of approximately 1.5 kb was observed in the samples obtained 0 ± 2 and 2 ± 3 h after egg deposition, and may represent a novel maternal D-cbl mRNA isoform. The developmental expression pro®le of D-Cbl was further investigated by generating a polyclonal antiserum to a bacterially expressed pGEX-D-Cbl fusion protein. The antiserum was anity puri®ed and used to probe a Western blot of protein samples isolated from embryonic, larval, pupal and adult stages, and from COS7 cells that had been transformed with an expression cassette containing the D-cbl cDNA (Figure 3b ). Protein samples were normalised before loading and this was con®rmed by staining duplicate gels with coomassie blue (Figure 3c) . A 52 kDa D-Cbl protein doublet was detected in early embryonic stages but was virtually undetectable post embryogenesis (Figure 3b) . The protein present in embryonic extracts co-migrated with a doublet expressed in the D-cbl transfected COS7 cells and these corresponded closely in size to that predicted from the deduced D-Cbl sequence. No staining was observed in untransfected COS7 cells (data not shown). As the COS7 cell protein was expressed from a single cDNA, the two closely (Figure 1a) . Interestingly c-Cbl typically migrates as a doublet (Bowtell and Langdon, 1995) and also has a conserved, more 3', methionine codon. Two high molecular weight species were detected in post embryonic stages ( Figure  3b ) but as described below these proteins are unlikely to represent D-Cbl isoforms.
Spatial distribution of D-Cbl transcripts and protein
The developmental Northern and Western analyses provided us with a temporal map of D-Cbl expression. To determine the spatial distribution of D-cbl transcripts in Drosophila embryos and 3rd instar imaginal discs, RNA in situ hybridisation was performed with digoxigenin-labelled D-cbl sense and antisense RNA probes (Figure 4 ). The sites of hybridisation of the probes were detected immunocytochemically using alkaline phosphatase. D-cbl mRNA expression was most strongly detected in preblastoderm (data not shown) and blastoderm embryos (Figure 4a ). Consistent with our Western blot analysis, expression decreased markedly in postblastoderm stages ( Figure  4b and c) although expression was observed in internal tissues of germband retracted embryos (Figure 4d) .
To investigate the expression in internal tissues more thoroughly, immuno¯uorescence in situ hybridisation was performed with the anity-puri®ed D-Cbl antibody and analysed by laser scanning confocal microscopy. Stacked optical sections were obtained of immunostained embryos. D-Cbl protein distribution mirrored D-cbl mRNA distribution in that the highest level of expression was seen in blastoderm stage embryos (Figure 4i) . Levels of protein expression were reduced in later stage embryos (Figure 4k and data not shown). Optical sectioning of germband retracted embryos indicated that internal expression was present in pharyngeal muscle, hindgut and malpighian tubules (Figure 4k) . In all cases, protein staining appeared to be cytoplasmic (Figure 4i and k) . Northern analysis had indicated that D-cbl mRNA was weakly expressed in third instar larvae (Figure 3a) . The imaginal discs of third instar larvae represent a small, but important, part of the total third instar tissues as they dierentiate to form many of the structures of the adult¯y. To determine if D-cbl was expressed in imaginal discs, RNA in situ hybridisation was performed. D-cbl expression was detected in all discs examined at a low uniform level across the discs. In contrast, no staining was observed in tissues of the central nervous system (data not shown). Thus, a single isoform of DCbl appears to be expressed through development, being most abundant during early embryogenesis.
The D-Cbl protein does not associate with Drk
As the predicted D-Cbl protein does not contain a proline rich region it was predicted not to interact with the Drosophila homolog of Grb2, Drk. To investigate this possibility directly we used an in vitro protein interaction assay. GST and a GST-Drk fusion protein were expressed in E. coli and puri®ed using glutathione-agarose. with either puri®ed GST, GST-D-Cbl or the D-Cbl antiserum, and the protein complexes recovered with glutathione agarose or protein A. Positive controls for the integrity of Drk were a C-terminal fragment of Sos1 and c-Cbl, both of which had been previously shown to interact with Grb2 (Bowtell and Langdon, 1995) . An autoradiograph of the precipitated proteins, separated by SDS ± PAGE, demonstrated that whilst D-Cbl was unable to bind Drk, a stable association was seen between Drk and both Sos1 and c-Cbl (Figure 5a ). Coomassie staining of a duplicate gel demonstrated that similar amounts of fusion protein and antibody were used in each sample (Figure 5b ). These ®ndings con®rmed our prediction, based on the sequence of D-Cbl, that it is unable to interact with the SH3 domain protein, Drk.
S-labelled D-Cbl was incubated
D-Cbl associates with activated DER in vivo
Association of c-Cbl with EGFR is dependent on receptor phosphorylation and is thought to be mediated by both direct binding of the c-Cbl PTB domain and via Grb2 as an adaptor molecule (Bowtell and Langdon, 1995; Galisteo et al., 1995) . Tyrosine phosphorylation of c-Cbl is also seen within minutes of EGF stimulation of serum starved cells. In the absence of Drk binding it was of interest to determine whether D-Cbl could form a stable association with the DER. A heat shock inducible, constitutively active variant of DER (hs-tor D -DER) was utilised for co-immunoprecipitation experiments with D-Cbl. The constitutively active DER was created by fusing the extracellular domain of a dominant allele of the torso receptor (tor 4021 ) to the intracellular region of DER (ReichmanFried et al., 1994) . The construct was assayed under the control of the hsp 70 heat shock promoter in transgenic¯ies. Flies were heat shocked for 45 min at 378C and allowed to recover at 258C for periods of between 0 ± 3 h. DER activity was maximally induced 2 h after the cessation of the heat shock and persisted beyond 3 h of recovery (data now shown), and (Lai et al., 1995) . Clari®ed lysates from induced hs-tor D -DER ies were immunoprecipitated with a monoclonal antiphosphotyrosine antibody (4G10) and electrophoresed on a 10% PAGE gel. After transfer to a nylon membrane, the immunoprecipitates were probed with the polyclonal D-Cbl antibody. D-Cbl was shown to co-immunoprecipitate with the 4G10 antibody with a level that was maximal 2 h after heat shock induction ( Figure 6a ). This implied that D-Cbl was either tyrosine phosphorylated or associated with a tyrosine phosphorylated protein in a DER dependent manner. We have not been able to detect direct phosphorylation of D-Cbl (data not shown) but are unclear whether this is due to a lack of sensitivity in our assay. Clari®ed lysates from heat shocked¯ies were also immunoprecipitated with the D-Cbl antibody and the precipitate electrophoresed and transferred to a membrane. A heat shock inducible protein of the correct mobility for the torso-DER fused protein was detected in D-Cbl immune precipitates probed with a polyclonal guinea pig DER antibody, indicating that D-Cbl and the DER can form an inducible protein complex. Therefore, despite the lack of a presumptive SH3 binding domain, D-Cbl can associate with the DER in a manner that is dependent on receptor activation.
Discussion
Are Cbl proteins mediators of receptor tyrosine kinase signalling or do they play a role in suppression of signal transduction? Biochemical data from experiments in mammalian cells have implicated c-Cbl in signalling from a number of tyrosine kinase receptors. Amongst other associations, c-Cbl has been shown to bind to autophosphorylated EGF receptor and is itself phosphorylated in an EGF receptor dependent manner (Bowtell and Langdon, 1995; Fukazawa et al., 1995; Galisteo et al., 1995; Meisner et al., 1995; Odai et al., 1995; Solto and Cantley, 1996; Tanaka et al., 1995) . The behaviour of oncogenic forms of c-Cbl, in particular 70Z-cbl, is of special interest in interpreting Cbl function. Expression of 70Z-cbl leads to increased phosphorylation of the EGFR in response to ligand (Bowtell and Langdon, 1995) and the induction of transcriptional activation from an NFAT element (Liu et al., 1997) . These results suggest that c-Cbl may play a positive role in transduction of signals from activated receptor tyrosine kinases. In contrast, genetic data from C. elegans indicates a role for SLI-1 in LET-23 signalling, but as a negative regulator Yoon et al., 1995) . This ®nding can be reconciled with the behaviour of 70Z-cbl by proposing that c-Cbl represents a docking protein that mediates both positive and negative regulatory signals, the latter of which is disrupted by mutation in 70Z-cbl. Uncertainty in de®ning the role of Cbl argues strongly for a genetic based functional analysis of Cbl. Our ®ndings provide the basis for a genetic analysis of Cbl, by exploiting the high degree of functional conservation of the ras-MAPK pathway between insects and vertebrates.
D-Cbl is widely expressed
We found that D-Cbl protein and RNA were expressed strongly in preblastoderm and blastoderm embryos, indicating that the D-cbl mRNA is maternally provided. Maternal expression of D-cbl suggests a role in the very early patterning events of Drosophila embryogenesis. The Grb2 adaptor protein homologue, Drk, is required maternally for signalling from the torso receptor tyrosine kinase during early embryogenesis and the maternal stores are such that embryos lacking any zygotic expression of Drk can survive the embryonic and larval stages to die during pupal development (Olivier et al., 1993) . Northern, Western, RNA in situ and immuno¯uorescence data each demonstrate that levels of D-cbl expression fall dramatically during embryogenesis. In the later stages of embryogenesis some zygotic D-cbl expression was observed, as immuno¯uorescence experiments indicated that D-Cbl protein accumulated in speci®c tissues of germband retracted embryos. RNA in situ hybridisation of an D-cbl antisense RNA probe to third instar imaginal discs indicated a uniform level of expression across all discs examined. Collectively this pattern of D-cbl expression suggested an early global role for DCbl in development, followed later by more restricted functions. The DER is required for dorsoventral patterning of the embryo (Schejter and Shilo, 1989) and later in speci®c dierentiating tissues, including sites in which we demonstrate D-cbl expression such as pharyngeal muscle, hindgut, malpighian tubules and imaginal discs (Baumann and Skaer, 1993; Xu and Rubin, 1993; Zak et al., 1990) . This is consistent with the notion of a functional interaction with the DER. Interestingly, no expression of D-cbl was observed in the central nervous system of third instar larvae, even though this tissue is undergoing active proliferation and dierentiation. We have not localised D-cbl expression in pupae or adults, although immunoprecipitation of the protein from adult¯ies demonstrated that it is clearly present in later stages.
Given the widespread pattern of D-cbl expression, a loss-of-function mutation might be expected to yield a distinct phenotype. We found that none of the uncharacterised genetic loci that interact with mutations in the ras pathway map to the chromosomal position of D-cbl. Interestingly, this observation is also true of the Drosophila Shc homologue (Lai et al., 1995) . It is also important to note that null mutations in sli-1 have a very mild and unremarkable phenotype and that mutation in sli-1 was only uncovered in the speci®c genetic background of a weak let-23 allele Yoon et al., 1995) .
Truncation of D-Cbl relative to c-Cbl
A surprising dierence between the mammalian, C. elegans and Drosophila Cbl proteins was the marked truncation of D-Cbl relative to the other proteins. The D-Cbl protein we identi®ed terminated soon after the RING ®nger domain and lacked any proline rich sequences that could act as potential SH3 binding domains. It is formally possible that another isoform of D-Cbl exists which contains proline rich sequences, but we believe that this is unlikely as (i) Southern analysis indicated the presence of only a single D-cbl gene; (ii) two separate cDNA libraries from dierent developmental stages were screened to yield multiple clones of a single isoform and (iii) immunoprecipitation experiments with an anti-phosphotyrosine antibody coprecipitated a single form of D-Cbl of equal molecular weight to that expressed in transfected COS cells.
The lack of a C-terminal proline rich region was re¯ected in the inability of D-Cbl to associate with Drk. In contrast, the high degree of conservation of the N-terminus and RING ®nger domains of D-Cbl suggests that these domains play critical roles in DCbl function. At least in a Drosophila context, the ability to bind Drk domains appears to be dispensable. The D-Shc homologue represents an intruiging parallel with D-Cbl in this regard. Grb2 binding to Shc is readily detectable in mammalian cells and is thought to be an important mediator of Shc function (Salcini et al., 1994) . Despite this, D-Shc lacks a clear Drk phosphotyrosine binding site and, like D-Cbl, does not bind Drk (Lai et al., 1995) . Similarly, a Drosophila homologue of the mammalian MAPK-activated protein kinase-2 (MAPKAPK-2) has been cloned and shows a high degree of homology to human MAPKAPK-2, except that it lacks an N-terminal proline rich region found in the human protein (Larochelle and Suter, 1995) . Why the Drosophila and mammalian Cbl proteins should dier in these ways is hard to understand in view of the extraordinary conservation of the ras pathway observed previously between the insects and vertebrates. It may be that Drosophila utilises a Drk-independant pathway of signalling not employed in mammalian cells. The recent cloning of the docking protein Daughter of sevenless (DOS) is interesting in this regard as it appears to signal downstream of the sevenless receptor in a Drk-independant pathway (Herbst et al., 1996; Raabe et al., 1996) . It is important to note, however, that the C-terminal truncation of D-Cbl is likely to have implications that extend beyond an altered interaction with Drk. The C-terminal region of c-Cbl, which is absent from D-Cbl, also mediates the binding of the other signalling proteins such as Crk, CrkL (Andoniou et al., 1996) , 14-3-3 proteins (H Robertson, W Langdon, C Thien and D Bowtell, submitted) and Nck (Riverolezcano et al., 1994) . Although the binding site for PI3-kinase on c-Cbl has not been mapped in detail, it too may bind to the C-terminal half of c-Cbl (Meisner et al., 1995) . Drosophila homologues of 14-3-3, Nck and PI3-kinase exist but would not be predicted to interact with D-Cbl (Clemens et al., 1996; Garrity et al., 1996; Leevers et al., 1996; Skoulakis and Davis, 1996) .
Another possible outcome of C-terminal truncation of D-Cbl was that interaction with the DER maybe dier relative to c-Cbl and the EGFR. Co-immunoprecipitation experiments, however, demonstrated that D-Cbl associated with activated DER in a DER dependent manner. Presumably the interaction of DCbl with the DER is mediated by the novel PTB domain, which is retained in D-Cbl. This region of cCbl mediates, in part, the interaction of c-Cbl with ZAP-70 tyrosine kinase in T-cells (Lupher et al., 1996) and is sucient to allow interaction of v-Cbl with the EGFR (Bowtell and Langdon, 1995) . We are presently unclear whether D-Cbl is directly phosphorylated following activation of the DER. D-Cbl contains eight tyrosine residues N-terminal to the RING ®nger domain that are conserved with c-Cbl, Cbl-b and SLI-1, and may be potential targets for phosphorylation. Indeed most of the conserved tyrosine residues in Cbl proteins cluster in the N-terminal half of the protein (Andoniou et al., 1996) .
In conclusion, we have isolated the Drosophila homologue of c-Cbl and ®nd only partial conservation of the domain structure of the protein. Despite this we observe a measure of functional conservation in an interaction of D-Cbl with the DER. Our further analysis of D-Cbl is directed towards the isolation of loss-of-function and dominant alleles for use in a genetic analysis of D-Cbl function.
Materials and methods
DNA clones and libraries
The human c-cbl clone used to isolate the D-cbl cDNA clones has been described previously (Blake et al., 1991) . cDNA library screening, cloning and phage DNA isolation were done according to standard protocols (Sambrook et al., 1989) . The embryonic Drosophila cDNA library was a gift of S Elledge, the imaginal disc library (Brown and Kafatos, 1988) 
Antibodies
Polyclonal antibodies to D-Cbl were raised in rabbits immunized with a glutathione S-transferase-D-Cbl fused protein. Brie¯y, the entire coding region of D-cbl was ampli®ed by PCR from a cDNA clone and cloned as a BamHI ± HindIII fragment into a derivative of pGEX-2T (Smith and Johnson, 1988) . The fusion protein was expressed in E. coli XL-1 Blue cells and puri®ed using a glutathione agarose column, essentially as described previously (Smith and Johnson, 1988) . The puri®ed fusion protein was emulsi®ed in Freund's adjuvant and injected subcutaneously into rabbits. Anity puri®cation was performed by ®rst depleting antibodies to GST by passage of sera over a column of GST coupled to Agel-10 (Biorad) twice. The runthrough was then anity puri®ed on a GST-D-Cbl Agel-10 column. The puri®ed antibodies were eluted from the column with 100 mM glycine HCl pH 2.4, 150 mM NaCl and then neutralised with Tris buer pH 8.0.
Polyclonal guinea pig DER antibodies were obtained from B-Z Shilo, mouse monoclonal phosphotyrosine (4G10) antibodies from Santa Cruz Biotechnology, c-Cbl (R2) antibodies from W Langdon, alkaline phosphatase conjugated anti-digoxigenin antibodies from Boehringer Mannheim, FITC conjugated anti-rabbit Ig antibodies from Silenus and HRP conjugated anti-mouse and anti-rabbit Ig antibodies from Biorad.
In situ hybridisation to polytene chromosomes
The chromosomal location of D-cbl was determined by hybridisation of a digoxigenin labelled D-cbl cDNA probe to ®xed polytene chromosomes, as per Pardue (1994) 
Northern analysis
The developmental Northern blot was kindly provided by R Nusse and is referenced in Bhanot et al. (1996) .
RNA in situ hybridisation
Digoxyigenin-labelled RNA probes were made using a DIG RNA labelling mix (Boehringer Mannheim) and hybridised to 0 ± 24 h after egg deposition, Oregon-R embryos according to Knoblich et al. (1994) and to 3rd instar larvae according to Johnson et al. (1995) .
Immunocytochemistry
Oregon-R embryos were ®xed and labelled according to Hime and Saint (1992) . The primary antibody used was anity puri®ed anti-D-Cbl (1:10) and the secondary antibody was FITC conjugated anti-rabbit (Silenus) used at 1:200 and preadsorbed against ®xed embryos. Stacked optical sections were taken using a Biorad MRC 1000 confocal system attached to a Leica DMRBE compound microscope.
Immunoprecipitation
Immunoprecipitations and western blots were performed according to Lai et al. (1995) . Immunoreactive proteins were visualised using horseradish peroxidase-coupled antibodies (Biorad) and ECL reagents (DuPont NEN).
In vitro translations
Proteins were 35 S-labelled in TNT coupled reticulocyte lysate translations according to the manufacturer's protocols (Promega). In vitro binding assays were performed as described previously (Rozakis-Adcock et al., 1993) .
Expression in COS7 cells
COS-7 cells were grown to con¯uence on 15 cm dishes growth medium. Cells were harvested using trypsin/EDTA and, after centrifugation, resuspended in 400 ml DMEM, 10% FCS. The cell suspension was mixed with 50 mg of a pcDNA3 D-Cbl expression construct and 500 mg sheared salmon sperm DNA in a 0.4 cm electrode gap gene pulser cuvette (Biorad) and incubated at room temperature for 5 min. After the incubation, the cells were electroporated at 0.4 KV and 500 mF on a gene pulser apparatus (Biorad). Cells were allowed to recover for 5 min at room temperature before being added to 10 ml DMEM, 10% FCS in a 10 cm dish. Cells were incubated at 378C, 5% CO 2 for 20 ± 24 h before harvesting.
